The objectives of this study is to evaluate any adverse effects on outer and inner ear structures after transmeatal low level laser therapy (LLLT) and to see the effects of transmeatal LLLT on gentamicin induced unilateral vestibulopathy in guinea pigs.
InTrOducTIOn
Low level laser therapy (LLLT) is the application of light in the range of 1-1000 mW to pathologic conditions to promote tissue regeneration, reduce inflammation, and relieve pain. The LLLT uses typically of narrow spectral width, in the red or near infrared (NIR) spectrum (600-1000 nm), with a power density (irradiance) between 1 mW-300 mW. LLLT, unlike other medical laser procedures, is not an ablative or thermal mechanism. Rather, it is a photochemical effect equivalent to photosynthesis in plants, whereby the light is absorbed and exerts a chemical change. 1 Low level NIR light penetrates more deeply than ultraviolet (UV) or visible light, and does not harm living tissue. 2 NIR light has relatively high penetrability of biological tissues, and its light scattering is somewhat less than that of the visible light. Already applied in numerous areas, laser-induced phototherapy has been widely accepted as a universal treatment, and the reliance on the laser as a form of treatment is still growing. Interest in LLLT is increasing, especially during the past decade, and the number of related studies and clinical trials performed has markedly increased. Many animal models and clinical studies have established the therapeutic value of LLLT on a variety of diseases and injuries, and LLLT has been widely used in both chronic and acute conditions. 1 LLLT has been discovered to be effective in wound healing, dental disease, chronic pain, musculoskeletal complications, enhancement of various biological processes, including neovascularization, and in the promotion of angiogenesis. LLLT increases cell proliferation, which positively modulates the processes of repair. Although the exact mechanisms of laser therapy is not fully clarified, it has been documented that once absorbed, the light can modulate cell biochemical reactions and stimulate a mitochondrial respiration, enhancing the production of molecular oxygen, ATP synthesis and collagen deposition. Overall, the prevailing opinion is that the respiratory chain plays a central role in the effect induced by laser therapy.
Gentamicin (GM) is one of the aminoglycosides that causes ototoxicity, but it is still widely used clinically because of its effectiveness and low cost. Gentamicin is known to cause vestibular and cochlear ototoxicity via destruction or damage to the structure and function of vestibular inner ear. The resulting damage from gentamicin can vary from very minimal to complete loss of vestibular function. 3 Various molecules have been used to prevent and treat aminoglycoside-induced ototoxicity such as deferoxamine and MK-801. 4 LLLT has been effective to prevent and recover cochlear hair cells after gentamicin ototoxicity in vitro study. 5 LLLT has been effective to recue noise induced hearing loss in rats. 6 However, no study in the literature has investigated the effect of LLLT on the recovery of vestibular dysfunction and damaged vestibular hair cells after ototoxicity. However, the effect of LLLT on neural cell recovery has been reported by several authors. [7] [8] [9] Considering that neural cells and cochlear hair cells responded to LLLT, recovery of ototoxic vestibular dysfunction by trnasmeatal LLLT application to the vestibular inner ear may also be expected.
The purposes of this study were to measure a penetration rate of transmeatal LLLT into the inner ear through a tympanic membrane, and assess the preventive or therapeutic effects of transmeatal LLLT applied to the gentamicin-induced vestibular inner ear to recover from gentamicin-induced vestibulopathy, using earth vertical and off vertical axis rotation tests.
MaTErIaLs and METhOds

Animal model and experimental protocol
Adult male guinea pigs, 12-week-old, supplied by Narabio Laboratories (Seoul, Korea) and weighing approximately 300-400 g were used for this study. All experimental procedures were performed in accordance with the guidelines of Animal Use Committee of the Dankook University College of Medicine. The animals were anesthetized before each gentamicin injection and transmeatal LLLT irradiation. Zoletil (Virbac Laboratories, France) and Rumpun (Bayer Korea, Korea) were mixed in a 4:1 ratio for anesthetics. The mixture was given by intramuscular injection, and boosted with one-fifth of the original dose as required. Approximately 0.1 ml of the anesthetics was administered for every 100 g body weight.
Transmeatal penetration of LLLT
We have measured penetration rate of tranasmeatal LLL into the perilymphatic space of cochlea through an a tympanic membrane, and cochlea wall with a diode laser (EIT 21, Shinsung, Seoul Korea, Fig. 1 ) that has 830 nm wavelength with output power of 80 mW. First, 80 mW was irradiated into the external ear canal opening and the penetration was measured at the middle ear cavity and perilymphatic space using two temporal bones from a human cadaver. In the next study, 80 mW was irradiated into the external ear canal of 5 guinea pigs for 30 min (144 J/cm 2 ) daily for 2 weeks to see any adverse effects of tranasmeatal LLLT on the ear structures and changes of
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hearing. Histopathological studies of external ear canal skin and ear drum were carried out and auditory brain stem response (ABR) was performed to test any hearing changes after LLLT.
LLLT on vestibular inner ear
Twenty guinea pigs were randomly divided into the control and LLLT group assigning 10 animals in each group. All animals in both groups received GM 2.4 mg injected into the left middle ear cavity through a tympanic membrane once a day for two days. The LLLT group animals received transmeatal LLLT, 120.6 J/cm 2 (67 mW/ cm 2 for 30 min) per day for 5 days using the EIT 21 diode laser ( Fig. 1 ). Auricles were amputated for an effective delivery of LLL into ear canals. Only the left ear of LLLT group was given transmeatal LLLT.
Slow Harmonic Acceleration (SHA) testing
The animal rotator (Jeil Co. Seoul, Korea) is computer controlled system to rotate the animal and monitor eye movements. It records slow harmonic acceleration (SHA). All the animals were placed in prone position on mounting plate of animal rotator so that the horizontal semicircular canals are in the plane of rotation and firmly strained so that it follows chair motion (Fig. 2 ). Slow harmonic acceleration (SHA) using animal rotator was performed to 20 animals in both groups. SHA testing was performed at 0.16 Hz with peak angular velocity of 60 degrees/ second and at both counterclockwise and clockwise directions. The off vertical axis rotation counterclockwise and clockwise directions also were obtained separately. Statistical analysis was obtained using Wilcoxon signed ranks test (SPSS version 11.0). SHA tests have been performed on all 20 animals in both groups 1 day post completion of 5 days transmeatal LLLT into the left ear.
rEsuLTs
Transmeatal penetration of LLL
Transmeatal penetration of LLL was 4 mW (5%) at the 
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Histopathology of external canal and tympanic membrane and hearing test
Histopathology studies of the ear canal skin and tympanic membrane showed all normal findings (Fig. 3) . ABR hearing tests revealed no hearing loss after LLLT for 2 weeks (Fig. 4 ).
Effects of transmeatal LLLT on vestibular inner ear (SHA Testing)
The gain and modulation values from the animals were compared between the control and LLLT groups. Only left ear has been exposed to GM. The values from left directing counterclockwise rotation represents left ear function and that from right directing clockwise rotation represents right ear function. The gain of SHA test from counterclockwise rotation of the gentamicin injected control group was 0.55 that was significantly decreased comparing to 0.71 of LLLT group (p < 0.05)( Table 2) . On clockwise rotation, the gain of control and LLLT groups were 0.76 and 0.80 that were not significantly different. On off vertical axis rotation testing, the modulation value of counterclockwise rotation of the control group was 0.57 that was a significant decrease compared to 0.75 of the LLLT group. On clockwise rotation, the values were 0.65 in control group and 0.64 in laser group that were not a significant change (p < 0.05) ( Table 3 ).
dIscussIOn
The penetration study was performed to see how In our second study, we intended to see a preventive and/or therapeutic effect of LLLT on otolithic organ and horizontal semicircular canal ampulla after GM injection into middle ear of guinea pigs. Part of GM in the middle ear is to penetrate through a round window membrane into perilymphatic space, inducing ototoxic effects on cochlea and vestibular inner ear. This study demonstrated the preventive and/or therapeutic effect of LLL by preventing reduction of gain and modulation in laser group animals while they were reduced significantly in control group animals. We expect that LLL has penetrated through the ear drum, labyrinthine bony wall and oval window membrane and it was able to improve vestibular dysfunction of the saccule, utricle, and ampulla of semicircular canals. There have been many studies of LLLT on the cochlea and tinnitus, but none on vestibular inner ear could be found. The LLL used in this study had wavelength of 830 nm that is capable to penetrate better than 600-700 nm wavelength LLL that was used in many previous studies. The fluence of 144 J/cm 2 that was used in this study is higher than any dosage used in previous animal and clinical studies. Since only 2% of the transcanal LLL can penetrated into the inner ear, it would be necessary to find out a maximum power of LLL that can be irradiated via external ear canal without inducing any side effects in middle and inner ear structures and their functions.
Although the exact mechanisms of laser therapy have not been clarified, presently the use of LLLT to the left ears of the rats with gentamicin ototoxicity significantly improved the vestibular dysfunction, compared to the vestibular function of the control group right ear. Transmeatal LLLT into left ear improved vestibular function, and could have decreased the amount of apoptosis of ampular hair cells, that ultimately positively modulated the repair processes. It was demonstrated that transmeatal infrared laser therapy applied 6 hours post-embolic stroke can improve the clinical rating scores in rabbits. 10 The temporal improvement in the neurological functional performance by LLLT may also suggest a positive effect on neurogenesis. These effects can be attributed to a photochemical mechanism that is based on light absorption by mitochondrial chromophores. Thus, the rescue effect of LLLT observed in this study is considered to have resulted from these various mechanisms. From our earlier studies, daily LLLT with a laser diode 632 nm for 30 days to the gentamicin insulted utricular explants demonstrated regeneration and proliferation of utricular hair cells. 11 Loss of hair cells was nearly stopped 2 days after exposure to gentamicin; a peak of regeneration was reached after 18 days of LLLT and sustained for 2 weeks in the medium with the continuous LLLT. In that study of preventive and therapeutic LLLT on gentamicin insulted utricular explants was demonstrated. It has been demonstrated that LLLT before and after GM insult on utricular hair cells was very effective to prevent and treat gentamicin ototoxicity. 11 The results of this previous study suggested that LLLT promotes hair cell regeneration following gentamicin damage in utricular explants. Since LLLT was effective in vitro study, it was expected to be effective in vivo study as shown in this study.LLLT has been shown to be effective in the treatment of gentamicininduced ototoxicity. 5 The presently demonstrated positive results on vestibular ototoxicity may provide further clinical application of LLLT. Further studies are required to demonstrate the efficacy of delayed treatments on chronic vestibulopathy and for detailed understandings of its mechanisms.
cOncLusIOn
The present study demonstrated that transmeatal LLLT does not induce any side effects to the ear canal skin, ear drum and hearing. The transmeatal LLLT also restored the decreased vestibular dysfunction induced by GM ototoxicity in guinea pigs. Transmeatal LLLT may have clinical implications in the treatment of various vestibular diseases. Further studies are essential to verify the exact mechanisms and the most effective application of LLLT to rescue vestibular dysfunction.
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